1. Introduction {#sec1}
===============

It has become imperative to deal with economic needs and environmental pollutants affecting the globe due to the depletion of fossil fuels. Hydrogen is extensively investigated as an alternative fossil fuel and is considered as an eco-friendly gas carrier as a long-term option to reduce CO~2~ emission as it is a clean, high-quality, and renewable energy resource.^[@ref1],[@ref2]^ Commonly, a large-scale H~2~ production is accomplished by the gasification of coal and natural gas reforming, and the main concern for this is the use of nonrenewable energy and high temperature. Hence, among the various alternative processes, the electrochemical reduction method is considered to be effective to produce H~2~ on a larger scale. The advantage of this hydrogen evolution reaction (HER) by electrochemical process is its simplicity and high stability.^[@ref3],[@ref4]^ A desirable cathodic H~2~ reaction needs good electroactivity, stability, high surface area, and operability at a low potential. To reduce the overpotential of water electrolysis, the same is done by manipulation of the electrolyte and electrode materials. The HER delivers an active electrolyte (media) to meet future energy demands. An efficient electrocatalyst should help to endure the HER smoothly in both media (alkaline and acidic). The acidic medium enhances the proton transport rate, and the alkaline medium has less corrosion effect, thus allowing an extension of the choice of electrode materials.^[@ref5]^ Platinum is a well-known material for the HER, but its main drawbacks are high cost and tendency to get poisoned by chemicals like phosphate anions or sulfide, thus preventing its use.^[@ref6],[@ref7]^ Therefore, it is of utmost importance to construct a low-cost electrode with high electrocatalytic activity for the HER.^[@ref9]^ Metal--organic frameworks, abbreviated as MOFs, are an important family of porous crystalline solids and have received significant interest in recent years in academia and industry. These materials are constructed by metal ions, and polyfunctional organic ligands possess excellent properties with high surface area, uniform tunable porosity, physicochemical properties, and attractive optical and electrical properties that have made them useful for several potential applications, viz., gas separation, organic molecule adsorption, gas storage, catalysis, biomimetic applications, drug delivery, magnetism, and optical devices.^[@ref8],[@ref10]^ Iron-based metal--organic frameworks are denoted as MIL-100(Fe) and are much researched among the various MOFs. The formation of MIL-100(Fe) via iron-building units is connected with 1,3,5-benzene tricarboxylic acid (BTC), and its molecular formula is (Fe~3~F(H~2~O)~2~O\[C~6~H~3~(CO~2~)~3~\]~2~·*n*H~2~O).^[@ref11],[@ref12]^ Its powder X-ray diffraction (XRD) pattern indicates an octahedral cluster built by trimers of iron octahedra and BTC ligand (FeO~6~) sharing a common vertex μ~3~-O. MIL-100(Fe) have excellent qualities that distinguish them from other MOFs, such as biocompatibility, cost-effectiveness, permanent porosity, hydrothermal stability, relatively strong acid sites, water stability, and redox centers.^[@ref13],[@ref14]^ Ferey et al. have reported MIL-100(Fe) by the hydrothermal method using HF and HNO~3~ at 150 °C for 6 days, which gave a surface area of 2350.20 m^2^ g^--1^.^[@ref15]^ Moreover, HF acid is not eco-friendly, and in this view, zero-fluoride conditions have been successful in obtaining MIL-100(Fe). For instance, Zhang et al. have reported the synthesis of MIL-100(Fe) without the acid and achieved a surface area of 1836 m^2^ g^--1^.^[@ref16]^ Han et al. investigated the green route synthesis of MIL-100(Fe) similiarly and reported the corresponding value of 1940 m^2^ g^--1^.^[@ref17]^ MIL-100(Fe) was employed in various applications such as photocatalytic dye degradation, Fenton reaction, CO~2~ absorption, heavy-metal removal, drug carrier, etc.,^[@ref18],[@ref19]^ as well as in electrocatalytic applications.^[@ref15]^ Sava Gillis and group validated the applicability of MIL-100(Fe) as electrocatalytic active anode electrodes for sodium-ion batteries,^[@ref21]^ which exhibited a high coulombic efficiency. Yamada et al. also demonstrated the same cathode electrodes for lithium-ion batteries, which exhibited a charge and discharge capacitance of 110 mAh g^--1^ and good thermal stability.^[@ref22]^ In this work, the green synthesis method was adopted to prepare MIL-100(Fe) using benzene tricarboxylic acid, iron(III) nitrate nonahydrate under HF-free hydrothermal conditions, and double-step purification process. The synthesized fluoride-free MOF showed a large surface area of 2551 m^2^ g^--1^ with a pore volume of 1.4 mL g^--1^, which favored the HER in both acidic and alkaline media. Results showed low Tafel slopes (53.59 and 56.65 mV dec^--1^), high exchange current densities (76.44 and 72.75 mA cm^--2^), low overpotentials (148.29 and 150.57 mV) in acidic and alkaline media, respectively, with long-term stability and good optical properties.

2. Experimental Section {#sec2}
=======================

2.1. Chemicals and Reagents {#sec2.1}
---------------------------

The reagents used in the work were of AR grade and used as received. Iron(III) nitrate nonahydrate (Fe(NO~3~)~3~·9H~2~O), trimesic acid (H~3~BTC), and ethanol were procured from Aldrich. DI water from Milli-Q was used throughout this work.

2.2. Synthesis of MIL-100(Fe) {#sec2.2}
-----------------------------

The zero-fluoride catalyst was synthesized in accordance with the earlier reported method with slight modifications, as given in [Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}([@ref23]) In the procedure, 0.036 M Fe(NO~3~)~3~·9H~2~O and 0.024 M H~3~BTC-1,3,5-benzene tricarboxylic acid were blended and ground well to obtain a homogeneous mixture. The mixture was added to 36 mL of DI water, stirred, and later hydrothermally heated at 160 °C for 15 h. After the process, the material was dried after repeated centrifuging with warm DI water and ethanol, which was the first stage of purification. As a second step to nullify the residual substance, the acquired yellow powder dispersed in deionized water at 80 °C for 6 h was mixed with ethanol at 60 °C for 6 h. The highly purified product was dried at 150 °C for 6 h.

![Schematic of the Synthesis Procedure of MIL-100 (Fe) without HF Acid](ao0c02171_0010){#sch1}

2.3. Reaction Mechanism in the Synthesis {#sec2.3}
----------------------------------------

Fe-based MOF was prepared using a hydrothermal method, and in general, it involves deprotonation of a Lewis acid ligand due to an increase in temperature and removal of a proton from the linker from its equilibrium due to precipitation followed by the LeChatelier principle. MIL-100(Fe) consists of μ~3~-oxo-centered trimers of Fe(III) octahedral units, which is linked to six units of carboxylates and two H~2~O molecules along with a hydroxyl anion group ([Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"}) with a possible chemical formula of Fe~3~O(H~2~O)~2~(OH)0.19{C~6~H~3~(CO~2~)~3~}~2~·*n*H~2~O (*n* = 14.5).^[@ref24]^In the MIL-100(Fe)--water solvent system, where the iron nitrite is used as an iron source and 1,3,5-benzene tricarboxylic acid is used as a proton source (ligand), MIL-100(Fe) complexation of Fe^3+^ takes place with the formation of the water molecules complex, viz., \[Fe(H~2~O)~5~(OH)\]^2+^ wherein the Fe^3+^ cation strongly complexes with water molecular reduction form hydroxide source.From [eq [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"}, all absorbed protons slowly increase the pH level as desired for the formation of \[Fe~3~(μ~3~-O)(H~2~O)~2~(OH)\] units, hydroxide anions, and oxide along with deprotonation of H~3~BTC. Hence, MIL-100(Fe) synthesis via the hydrothermal process using the said precursors in water molecules gave a high yield with large surface area due to the double-purification process.

![Schematic Showing the Structure Formation of MIL-100(Fe)](ao0c02171_0011){#sch2}

2.4. Instrumentation {#sec2.4}
--------------------

MIL-100(Fe) was analyzed with powder X-ray diffraction (XRD, Cu Kα D8 Advance, Bruker) to study the structural features and lattice arrangements. The morphological properties of the MOFs were studied by field emission scanning electron microscopy (FE-SEM- FEI Quanta 250 FEG) and transmission electron microscopy. The surface area, pore volume, and pore radius of the MOFs were analyzed by the BET analysis using a surface area analyzer (Quantachrome). The bonding between the metal and organic linkers was thoroughly studied by a Fourier transform infrared (FT-IR) spectrophotometer (Shimadzu) and a Raman spectrometer (Horbia Xplora Plus). The thermal stability of MIL-100(Fe) was investigated by thermogravimetry on a thermogravimetric analyzer (TA Instruments). All electrochemical measurements were performed at ambient temperature in an electrochemical workstation (CH Instruments) in a traditional three-electrode probe. A glassy carbon electrode with a geometric surface area of 1.766 mm^2^ was used as the working electrode. It was polished well with an alumina kit (size: 0.05 μm), rinsed with deionized water, ultrasonicated in absolute ethanol, and dried at ambient temperature for a few minutes.

3. Results and Discussion {#sec3}
=========================

3.1. Structural and Morphological Analysis {#sec3.1}
------------------------------------------

Structural analysis of the as-synthesized fluoride-free MOF was investigated by X-ray diffraction. As displayed in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}, the diffraction peak is in line with the simulated peaks.^[@ref25]^ The major peaks were seen at 5.65, 6.26, 10.58, 11.32, 12.22, 12.29, 14.60, 20.5, 24.5, and 28.3. Further, the morphology was investigated using SEM analysis and is given in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. The as-synthesized MIL-100(Fe) revealed an octahedral structure, and the EDAX analysis is given in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d. All of these results indicated that the formed MOFs are highly crystalline and are distributed homogeneously.

![XRD spectrum of the (a) synthesized MIL-100(Fe) MOF and (b) that reported one in the literature.](ao0c02171_0001){#fig1}

![(a--c) SEM images of MIL-100(Fe) MOFs at various magnifications and (d) elemental analysis of MIL-100(Fe).](ao0c02171_0002){#fig2}

Further TEM images were taken and are given in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}, and as seen from the images, the formed MIL-100(Fe) were irregular flakelike structures in accordance with the SEM results.

![(a, b) TEM images of MIL-100(Fe) at different magnifications.](ao0c02171_0003){#fig3}

3.2. Elemental and Surface Analyses {#sec3.2}
-----------------------------------

To further confirm the embodiment of the MIL-100(Fe) structure, FT-IR spectrum was taken ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a). As observed from the figure, the band at 3370 cm^--1^ confirms the O--H stretching in the MOF due to the existence of H~2~O moieties and the peak at 1726 cm^--1^ is due to the C=O stretching vibration in trimesic acid. Here, the H~3~BTC peak is of low intensity due to the removal of the residual trimesic acid. The sharp band at 1630--1372 cm^--1^ is ascribed to the symmetric and asymmetric motions of the COO^--^ group. The 454 cm^--1^ peak corresponds to the Fe--O stretching vibration. These results confirm the structure of the formed MOF with trimesic acid--organic linker and metal ions (Fe).^[@ref26]^ Raman spectroscopy was further used to identify the structural information of the catalyst, as given in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b. In the 100--1900 cm^--1^ region, the band at 213 cm^--1^ can be associated with the Fe crystalline units, and the network binding and lattice vibration are seen from 450 to 600 cm^--1^. The bands at 854 and 1000 cm^--1^ represent the aromaticity associated with the BTC group. The peak observed at 1200 cm^--1^ is due to the C--O--Fe of iron trimester, and those from 1400 to 1600 cm^--1^ are associated with H--OH bonding vibration due to metal node--organic linker (iron, trimesic acid) coordinated to the water molecules.^[@ref27]^ Thermogravimetric analysis is a useful tool to study the thermal stabilities of the sample. The synthesized MIL-100(Fe) show outstanding thermal stabilities up to 420 °C, as given in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}d. From the three different stages of weight loss between 25 °C and 600 °C, the first weight loss of ∼20.98% from 25 to 100 °C corresponds to the dehydration happening inside the pores. The second weight loss of ∼27.64% from 100 to 250 °C is caused by H~2~O molecules attached with the iron trimers. The final weight loss of 51.38% above 375 °C is assigned to the breakdown of the MOF, which resulted due to the disintegration of the organic linkers followed by the detriment of Fe species. Thus, experimental losses agree with the theoretical value according to the molecular formula, viz., Fe~3~O(H~2~O)~2~(OH)\[C~6~H~3~(CO~2~)~3~\]~2~·*n*H~2~O (*n* ∼ 3.1).^[@ref28]^ These results show the total thermal stability of the as-synthesized sample, which matched with the reported synthesis methods.^[@ref29]^ The textural properties of the as-synthesized fluoride-free sample were further analyzed by N~2~ sorption and desorption isotherms at 77 K, as displayed in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c. The BET method was used to calculate the surface area to evaluate the structural, pore volume, pore size distribution, etc.; the BJH desorption method was also used ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c and [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). The specific surface area was calculated to be 2551 m^2^ g^--1^ with pore volume and pore size calculated to be 1.407 cm^3^ g^--1^ and 1.103 nm, respectively. The results are compared to the existing literature, as given in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}.

![(a) FT-IR spectrum, (b) Raman spectrum, (c) N~2~-adsorption and desorption isotherms, and (d) TGA curve of MIL-100(Fe).](ao0c02171_0004){#fig4}

###### Comparison of the Synthesized MIL-100(Fe) N~2~ BET Isotherm Values with the Reported Ones

  sample                    synthesis process          BET surface area (m^2^ g^--1^)   pore volume (cm^3^ g^--1^)   reference
  ------------------------- -------------------------- -------------------------------- ---------------------------- ------------
  MIL-100(Fe)               hydrothermal without HF    1836                             0.34                         ([@ref16])
  MIL-100(Fe)               hydrothermal with HF       1770                             0.76                         ([@ref32])
  MIL-100(Fe)               microven method            1350                             0.86                         ([@ref33])
  MIL-100(Fe)               hydrothermal HF, HNO~3~    2350.20                          \-                           ([@ref34])
  MIL-100(Fe)/CoFe~2~O~4~   hydrothermal               2109                             0.9                          ([@ref17])
  MIL-100                   room temperature           2028                             0.07                         ([@ref36])
  MIL-100                   reflux                     1593                             0.88                         ([@ref37])
  MIL-100                   hydrothermal HF, HNO~3~    2546                             \-                           ([@ref38])
  MIL-100                   green synthesis            1940                             0.56                         ([@ref39])
  MIL-100                   large-scale hydrothermal   1800                             1.15                         ([@ref40])
  MIL-100                   hydrothermal               1976                             \-                           ([@ref41])
  MIL-100                   hydrothermal HNO~3~, HF    2042                             0.90                         ([@ref42])
  MIL-100                   hydrothermal NH~4~F        1626                             \-                           ([@ref43])
  MIL-100(Fe)               hydrothermal HF            2007                             0.77                         ([@ref44])
  Au/MIL-100(Fe)            fabrication process        230                              0.12                         ([@ref45])
  MIL-100(Fe)               hydrothermal               1598                             \-                           ([@ref46])
  MIL-100(Fe)               reflux HF, HNO~3~          1754                             0.80                         ([@ref47])
  MIL-100(Fe)               hydrothermal DMSO          1215                             0.61                         ([@ref48])
  MIL-100(Fe)               hydrothermal, HF           1917                             1.00                         ([@ref49])
  MIL-100(Fe)               hydrothermal without HF    2551                             1.407                        this work

In this comparison, the green route method of synthesis is successful, rendering the material with large surface area and making it catalytically more active higher than the reported materials ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). Such increased values might be due to the increase in reaction time and the double-purification process. The catalyst exhibits type 1 isotherm according to the IUPAC classification, which indicates the microporous nature of the sample.^[@ref30]^ Thus, results show high surface and pore volume and hence could be an efficient catalyst for HER and photocatalytic applications.

3.3. Light Response and Stability Properties {#sec3.3}
--------------------------------------------

UV--vis absorbance and reflectance spectra of the synthesized catalyst are given in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a,c, respectively, and the experiment was done to investigate its optical properties. MIL-100(Fe) exhibited an absorbance peak at 210 nm, attributed to the π--π transitions of 1,3,5-benzene dicarboxylic ligand; furthermore, the broad absorbance peak observed at 320 nm is due to the ligand-to-metal charge-transfer (LMCT) signifying carboxylate oxygen moieties bond to metal (^6^A~1g~ → ^4^A~1g~ + ^4^E~g(G)~) in Fe(III) or excitation process of Fe--O groups.^[@ref50]^ A small peak at 462 nm shows the strong visible light absorption. The Kubelka--Munk plot of hγ is shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b, where the band gap *E*~g~ was calculated by the Tauq plot using the equation *K*(*h*γ -- *E*~g~)^1/*n*^ = *F*(*R*)*h*γ, where *K* represents the rate constant, *F*(*R*) is the coefficient of absorption, and *n* is the optical transition. From the results, the band gap of MIL-100(Fe) was calculated to be 2.7 eV. [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}d demonstrates the photoluminescence (PL) spectra of MIL-100(Fe), where sample analysis was done at RT, excited at 320 nm, and the emission peak was observed at 475 nm. Mott--Schottky (MS) is a simple technique to examine the capacitance at the boundary of the semiconductor and electrolyte and carrier density. From the slope given in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b, the flat-band potential was calculated through the capacitance of the space charge layer measured at 1000 Hz (1/*C*^[@ref2]^2 vs *V*), as given by Mott--Schottky equation.^[@ref51]^where *C* is the capacity per unit of space charge layer, *e* is the dielectric constant, ε~o~ is the vacuum permittivity, *e* is the charge of electron, *Nd* represents the concentration of the carrier, and *k*~B~ is the Boltzmann constant at absolute temperature *T*.

![(a, c) UV spectrum absorbance and reflectance peaks of MIL-100(Fe); (b) Kubelka--Munk plot for MIL-100(Fe); and (d) photoluminescence study of MIL-100(Fe).](ao0c02171_0005){#fig5}

For MIL-100(Fe), the flat-band potential was determined to be −0.25 vs Ag/AgCl. The negative value indicates that the electron charge carrier (conduction band) is an N-type semiconductor. [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a shows the transient photocurrent measurement under light, which is used to confirm the enhanced efficiency in the separation and transfer of charges in the on and off regions.^[@ref52]^ A photocurrent study of MIL-100(Fe) showed a high current value and thus a high charge separation efficiency of the photogenerated electron--hole pairs. ζ-Potential measurement helps us to understand the stability of the colloidal dispersions ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02171/suppl_file/ao0c02171_si_001.pdf)). To check the stability, the ζ-potential of the MOF was calculated to be −51.6 eV, with the conductivity value being 0.098 mS cm^--1^.

![(a) Photocurrent study and (b) Mott--Schottky plots of the synthesized MIL-100(Fe) MOF.](ao0c02171_0006){#fig6}

3.4. HER Measurements {#sec3.4}
---------------------

The HER activity was determined with a three-electrode configuration in both acidic and basic conditions using 0.5 M H~2~SO~4~ and 1 M NaOH, respectively, with a glassy carbon electrode (GC) (0.071 cm2) employed as the working electrode. The electrode was subjected to the standard cleaning protocols before experimentation in view of activating the surface. The electrodes were first electrochemically cycled between 0.1 and 0.4 V potentials to treat the surface. Further, 5 mg of the MIL-100(Fe) catalyst dissolved in 1 mL of ethanol was sonicated for 10 min. MIL-100(Fe) (5 μL) and Nafion (5 μL) were drop-cast onto the cleaned GC, and Pt and Ag/AgCl were used as auxiliary and reference probes, respectively. The mass loading of the catalyst was 1.77 μg cm^--2^. The electrocatalytic property toward the hydrogen evolution reaction (HER) was examined using cyclic voltammetry at various scan rates (2, 20, 40, 60, 80, and 100 mV s^--1^) in the nonfaradic region. The linear sweep voltammetry (LSV) technique is used to examine the onset potential, overpotential, current density, and Tafel slope. The Tafel slope is related to the exchange current density of the electrochemical reaction, and the kinetic mechanism is related to the rate-determining steps of the reaction. With respect to the hydrogen evolution reaction (HER), it is desirable to get a small value of the Tafel slope as this commonly reduces the overpotential needed to reach significant catalytic current densities.

### 3.4.1. Cyclic Voltammetry Studies for the HER {#sec3.4.1}

To enhance the electrocatalytic performance of MIL-100(Fe) in acidic and alkaline media toward the HER, the electrochemical surface area (ESCA) and electron transport are compared.^[@ref53]^ Thus, double-layer capacitance *C*~dl~ will give ESCA obtained from the cyclic voltammetry technique. The response of capacitance current from −0.2 to 0.4 V at various scan rates of 100--20 mV s^--1^ is given in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}. According to McCrory's theory, the electrochemical double-layer capacitor (EDLC) shows the nature of the active electrochemical surface area of the solid--liquid interface.

![Cyclic voltammetry studies of MIL-100(Fe) in (a) alkaline medium and (b) acidic medium and the corresponding capacitance values of MIL-100(Fe) in (c) alkaline medium and (d) acidic medium.](ao0c02171_0007){#fig7}

All of the current measurements in the nonfaradic region were done by the CV analysis technique at various scan rates ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}c,d). The double-layer capacitance values of MIL-100(Fe) in acidic and alkaline media were calculated to be 9.17 and 1.868 mF cm^--1^, respectively, which shows that MIL-100(Fe) are electrochemically more active in the acidic medium.

### 3.4.2. Linear Sweep Voltammetry and Kinetics Studies for the HER {#sec3.4.2}

The linear sweep voltammetry technique is an efficient method to investigate the electrocatalytic activity of MIL-100(Fe) MOF in both acidic and alkaline media. The LSV peak of the material is given in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}a, which shows that the catalyst exhibited excellent performance with a low onset potential in acidic and alkaline media. The calculated onset potentials of MIL-100(Fe) in the acidic and alkaline media were calculated to be −0.07 and −0.084 V, respectively. Results show that the onset potential in alkaline medium was slightly higher than that in acidic medium solution, which might be due to the changes of electron transfer capability in different media.

![(a, b) Steady-state curves of polarization of MIL-100(Fe) and (c, d) cyclic stabilities of MIL-100(Fe) in 0.5 M H~2~SO~4~ and 1 M NaOH (the insets show the amperometric *i*--*t* curves of MIL-100(Fe) in alkaline and acidic media).](ao0c02171_0008){#fig8}

3.5. Acidic Medium {#sec3.5}
------------------

The Tafel slope (log* j* (current density) vs overpotential) of the MIL-100(Fe) electrocatalyst in acidic medium was studied to achieve additional insight into the kinetic aspects and mechanism of HER activity. The slope of the MIL-100(Fe) catalyst derived from the linear portion of the plot is fit into the Tafel equation, viz., η = *a* + *b* log *j*, where *j* is the current density, η represents the overpotential, and *b* is the corresponding Tafel slope ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}b). The exchange current density, also given by *j*~o~, can be accessed by the intrinsic rate electron transfer via extrapolation.^[@ref54]^ The value *j*~o~ was calculated to be 76.44 mA cm^--2^ with an overpotential of 150.57 mV. In general, three major steps are regarded for converting H^+^ to H~2~ toward the HER in acidic medium commonly termed the Volmer, Heyrovsky, and Tafel process, corresponding to a proton electrosorption ([eq [4](#eq4){ref-type="disp-formula"}](#eq4){ref-type="disp-formula"}), desorption via electrochemical represents ([eq [5](#eq5){ref-type="disp-formula"}](#eq5){ref-type="disp-formula"}), and the surface-adsorbed hydrogen recombination ([eq [6](#eq6){ref-type="disp-formula"}](#eq6){ref-type="disp-formula"}) to the initial absorption of protons from acid solution to form absorbed (H → H~ad~) and generally regarded as the fast reaction. When the slope value is 120 mV dec^--1^, the Heyvosky and Tafel reactions are stated as two primary reactions for H~2~ evolution. The Heyvosky reaction is an electrochemical desorption process with a slope of 40 mV dec^--1^, and finally, the Tafel reaction is the RDS with a value of 30 mV dec^--1^.^[@ref55]^where other reactions are the Volmer--Heyrovsky reaction and the Volmer--Tafel mechanism possible for the HER. In the former, the solvated proton from the water layer interacts with one absorbed surface hydrogen to get converted to H~2~ ([eq [5](#eq5){ref-type="disp-formula"}](#eq5){ref-type="disp-formula"}), and the absorbed surface hydrogen in the vicinity interacts to form molecular H~2~ known as the Volmer--Tafel mechanism given in [eq [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"}.^[@ref56]^ Accordingly, the observed Tafel slope range was calculated to be 53.59 mV dec^--1^. For HER electrocatalysis using MIL-100(Fe), the value of α is 0.5 and hence the HER is controlled by the Volmer--Heyrovsky reaction ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}).

###### Tafel Slope and Exchange Current Density Values Calculated for the HER Using MIL-100(Fe)

  S. No.   catalyst                         --log *j*~o~ (mA cm^--2^)   *b* (mV dec^--1^)   α
  -------- -------------------------------- --------------------------- ------------------- ------
  1        MIL-100(Fe) in acidic medium     76.44                       53.59               1.05
  2        MIL-100(Fe) in alkaline medium   72.75                       56.65 mV            1.11

3.6. Alkaline Medium {#sec3.6}
--------------------

The Tafel slope (log *j* (current density) vs overpotential) of the MIL-100(Fe) electrocatalyst in alkaline medium was further explored to achieve added insights into the kinetic mechanism of the HER. The Tafel slopes of the MIL-100(Fe) catalysts are obtained from the linear part of the plot, which was further fitted in the Tafel equation η = *a* + *b* log *j* ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}b). The exchange current density (*j*~o~) due to the intrinsic rate electron transfer is calculated via extrapolation of the basic Tafel equation;^[@ref57]^ the value of *J~o~* was calculated to be 72.75 mA cm^--2^ with an overpotential of 148.29 mV. In general, there are three major ways for the conversion of H^+^ to H~2~ in alkaline medium, viz., Volmer, Heyvosky, and Tafel reactions. Volmer gives the proton discharge electrosorption ([eq [7](#eq7){ref-type="disp-formula"}](#eq7){ref-type="disp-formula"}), electrochemical desorption is the Heyvosky reaction ([eq [8](#eq8){ref-type="disp-formula"}](#eq8){ref-type="disp-formula"}), and finally, Tafel represents the recombination of two surface-absorbed H~2~ atoms ([eq [9](#eq9){ref-type="disp-formula"}](#eq9){ref-type="disp-formula"}).^[@ref58]^where MH~ads~ is the H~2~ atom absorbed and M signifies the active free sites available for HER. From the results, the slope was calculated to be 56.65 mV dec^--1^, from which it is suggested that the electrodesorption reaction becomes a rate-limiting step also designated as the Volmer--Heyvosky reaction, as given in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}. Hence, the MIL-100(Fe) electrocatalyst in both media exhibits a high exchange current density *j*~o~, a low onset potential along with a low Tafel slope, and a low overpotential suggesting that MIL-100(Fe) is an effective material for the HER. To further emphasize the importance of the catalyst materials, a table of comparison is given in [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02171/suppl_file/ao0c02171_si_001.pdf), from which it is evident that the prepared MOF shows enhanced electrocatalytic activity of the HER. The catalyst stability test was further evaluated under acidic and alkaline conditions by a long-term cyclic stability test.

The long-term HER stability was verified by the chronoamperometric *i*--*t* technique for 8 h in 1 M NaOH and 0.5 M H~2~SO~4~ (insets in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}c,d). As observed from the tests, it was quite stable without much shift in the current density. Results show a stable HER catalytic performance with negligible degradation even after 1000 cycles and that the current density is nearly constant during the continuous operation for 8 h. The polarization curves measured before and after 1000 cycles had no significant changes in acidic medium, whereas in alkaline medium, a slight difference in current density was observed due to the H^+^ or H~2~ bubbles observed on the electrode, which further impedes the reaction. Thus, the results show that the MIL-100(Fe) catalyst is highly active and stable in both media.

To assess the kinetic charge transport (electrode/electrolyte interface study), it was characterized by electrochemical impedance spectroscopy measurement with a three-electrode probe.^[@ref59]^ A small semicircle is attributed to the charge transfer near the user interface of the HER ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}a,b). The Nyquist plot of MIL-100 (Fe) was constructed in acidic and alkaline media at an applied voltage of 0.39 V and frequency of 0.1--10^5^ Hz. The *R*~ct~ value of the MOF material in the alkaline medium was calculated to be 8.71 Ω, and 8.04 Ω in the acidic medium. The low resistance in the acidic medium could be related to the higher charge transport of the HER in acidic medium. Hence, MIL-100 (Fe) in alkaline and acidic media show more efficient charge transport for the HER activity.

![Nyquist plot of the MIL-100(Fe) electrode observed at an amplitude of 200 mV and frequency range of 0.1 Hz to 0.1 MHz in (a) alkaline medium and (b) acidic medium. The insets show equivalent circuit of the MIL-100(Fe) electrode.](ao0c02171_0009){#fig9}

4. Conclusions {#sec4}
==============

Highly porous MIL-100(Fe) with large surface areas were successfully prepared by the hydrothermal method (without HF) and further tested toward the HER. The synthesized electrocatalyst exhibited excellent activity toward the HER in acidic and alkaline media. Electrochemical results show low Tafel slopes (53.59 and 56.65 mV dec^--1^), large exchange current densities (76.44 and 72.75 mA cm^--[@ref2]^), low overpotentials (148.29 and 150.57 mV), and good stability in both acidic and basic media, respectively. This high electrocatalytic activity of the HER could be due to the high surface area with porous nature and homogeneous morphology. Results thus show that the synthesized catalyst could be used as an HER electrocatalyst, and in view of its excellent surface area, the MOF could be used for other catalytic applications.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c02171](https://pubs.acs.org/doi/10.1021/acsomega.0c02171?goto=supporting-info).ζ-Potential measurement of MIL-100(Fe) (Figure S1) and comparison of the electrocatalyst MOF with the reported ones (Table S1) ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02171/suppl_file/ao0c02171_si_001.pdf))
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